Introduction
The introduction of serological tests to detect ant~ody to hepatitis C virus (HCV) in blood donors is now the principal measure to prevent post-transfusional non-A, non-B hepatitis (NANBH). The effectiveness of such assays is dependent in part upon the extent of sequence diversity between different isolates of HCV in different geographical regions. Published sequences of different HCV variants can be classified into a number of different virus types on the basis of overall sequence similarity in both coding and non-coding parts of the viral genome. Phylogenetic analysis of the 5' non-coding region (5' NCR) led us to propose a classification of HCV into three major types, 1, 2 and 3 (Chan et al., 1992b) .
Analysis of the more variable coding regions of the viral
The nucleotide sequence data reported have been submitted to the GenBank database and assigned the accession numbers L08136 to L08164.
genome (core, NS-3, NS-5) indicated that each major type was composed of two or three distinct subtypes, termed la, lb, 2a etc. (Chan et al., 1992a, b) . An alternative typing scheme is similar to this except that types la (represented by the prototype virus HCV-1; Choo et al., 1989) and lb (exemplified by HCV-J and HCV-BK; Kato et al., 1990; Takamizawa et al., 1991) are called types I and II respectively, while types 2a and 2b (Enomoto et al., 1990; Okamoto et al., 1991 Okamoto et al., , 1992a are called type III.
More recently, sequences originally described as type 3 (Chan et al., 1992b) have been reported and termed group IV (Cha et al., 1992) whereas a previously undescribed group of variants, so far found only in South Africa, is described as group V. A third system (Okamoto et al., 1992a; Mori et al., 1992) divides type 2 (or type III) sequences into types III and IV, and the two subtypes of type 3 (group IV) are described as types V and VI (Mori et al., 1992) . To avoid confusion in the current communication, HCV variants will be described as previously proposed (Chan et al., 1992b) .
The degree of sequence variability differs throughout the genome. At one extreme, the core protein demonstrates approximately 90% sequence similarity between different HCV types, whereas high degrees of sequence divergence are found in certain non-structural proteins (e.g. NS-4) and in the region of the genome encoding putative envelope proteins, with greater than 50% sequence divergence in certain 'hypervariable' regions (Hijikata et al., 1991 ; Weiner et al., 1991 ; Kato et al., 1992) . We have previously shown that infection with HCV variants other than type 1 (whose sequences are used for the antigens used in screening assays) may elicit an antibody response that is not cross-reactive with the NS-4-encoded antigens used in first generation screening assays (5-1-1, c100-3; McOmish et al., 1993) . There is now substantial data showing the increased sensitivity of second generation serological assays that include the well conserved core protein in addition to non-structural proteins (Craxi et al., 1991 ; van der Poel et al., 1990 van der Poel et al., , 1992 Chan et al., 1991 ; Watson et al., 1992; Lelie et al., 1992) , and it can be reasonably anticipated that such tests will be more effective than the original anti-C100-based assays for prevention of transfusiontransmitted HCV infection. Nevertheless, the serological response to HCV-encoded antigens is often narrow in specificity and is generally of extremely low titre. Acute infection with HC¥ following transfusion of infectious blood or blood products may fail to elicit antibody for several months Alter et al., 1989; van der Poel et al., 1992) . Furthermore, individuals who are only marginally immunosuppressed (such as renal dialysis patients, the elderly, haemophiliacs and neonates) generally show very restricted and idiosyncratic patterns of serological reactivity, often to only one (or possibly none) of the four antigens used in current screening assays Watson et al., 1992; Allain et al., 1991; Lam et al., 1993) .
We have previously argued that serological tests for anti-HCV should be equally sensitive for all variants of HCV, not just type 1 (McOmish et al., 1993) . In order to develop such tests, we have explored the distribution of different HCV types world-wide, and carried out a search for new variants outside the existing classification (F. McOmish et al., unpublished results) . In this study we have carried out sequence analysis of the 5' NCR amplified from plasma of anti-HCV-positive blood donors or NANBH patients from Scotland, Finland, Holland, Australia, Hong Kong, Japan, Turkey, Egypt and other countries in the Middle East. The distribution of the three established HCV types (1 to 3, as defined by Chan et al., 1992b) is the subject of a separate study (F. McOmish et al., unpublished results); here we analyse those sequences which differ substantially from those previously described, to investigate whether they constitute further HCV types. Our analysis of sequence variability in the 5' NCR has led to the identification of a new HCV type, and has indicated possible constraints that limit the degree of sequence variability in this untranslated region.
Methods
Samples. RNA was extracted from plasma samples from blood donors and patients with NANBH that were repeatedly reactive on second generation screening assays for HCV, and which were either confirmed (significant reactivity with two or more antigens in the Chiron recombinant immunoblot assay; Chiron Corporation, Emeryville, Ca., U.S.A.) or indeterminate (reactivity with only one antigen) upon supplementary testing. Most of the samples containing sequences that differed substantially from known HCV types came from individuals of Egyptian origin (EG-1 to EG-96). Variant sequences were also detected in several Hong Kong blood donors (HK-1 to HK-4), in a Dutch blood donor who was likely to have been originally infected in Indonesia (IN-26; T. Cuypers, personal communication), and a patient with NANBH from Iraq (IQ-48).
Sequence determination. HCV sequences were reverse-transcribed and amplified by PCR using Taq polymerase (Northumbria) and primers matching conserved regions in the 5' NCR as previously described (Chan et al., 1992b) . For analysis of the core region, RNA was reverse-transcribed using a primer of sequence CA(T/C)GT-(A/G)AGGGTATCGATGAC (5' base: 383; numbered as in Choo et al., 1991) . cDNA was amplified using this primer and a primer in the 5' NCR of sequence ACTGCCTGATAGGGTGCTTGCGAG (5' base: -53). The second PCR used primers of sequences AGG-TCTCGTAGACCGTGCATCATG (5' base: -20) and TTGCG-(G/T/C)GACCT(A/T)CGCCGGGGGTC (5' base: 353). Amplified DNA in both regions was directly sequenced as previously described (Chan et al., 1992b) .
Sequence analysis. Sequences were aligned using the ClustalV program (Higgins et al., 1992) as implemented in the GDE (version 2.0) sequence analysis package kindly provided by the Harvard Genome Laboratory. Phylogenetic trees were reconstructed by a number of programs taken from the PHYLIP package (version 3.4) of Felsenstein (1991) . The principal method utilized was maximum likelihood (program DNAML) although neighbour-joining trees (program NEIGHBOR) were also reconstructed to instil more confidence in the results. Global branch-swapping was used in multiple runs of DNAML and nucleotide sequence distances for the neighbourjoining analysis were estimated using the same evolutionary model as is used in the maximum likelihood method (program DNADIST). Furthermore, in order to assess the reliability of specific groupings of sequences found in the neighbour-joining analysis, 500 bootstrap replications of the data were performed (programs SEQBOOT and CONSENSE) and groupings were taken to be significantly supported when they were found in at least 95% of bootstrap replicates (Yelsenstein, 1991) . Estimation of mean nucleotide distances within and between HCV types 1, 2, 3 and 4 in the 5' NCR and core regions was carried out on non-identical sequences using DNADIST.
RNA secondary structures in the 5' NCR of five representative HCV variants Kato et al., 1990; Takamizawa et al., 1991 ; Okamoto et al, 1991 Okamoto et al, , 1992a were predicted using the program FOLD (Devereux et al., 1984) . Three predictions were made from each sequence between nucleotides -318 to 0, -318 to + 281, and -318 to + 881 to allow for possible long-range interactions. showed that only relatively small-scale features, such as the stem and loop (analysed in Results) were at all conserved (data not shown).
Results

Divergent 5' NCR sequences
Several sequences in the 5' NCR detected in samples from blood donors originally infected in Egypt, Indonesia and Hong Kong, and from NANBH patients in Iraq and Egypt, differed substantially from those found in Scottish blood donors and those reported elsewhere (Fig. 1) . Instead of showing the nucleotide substitutions that distinguish HCV types 1, 2 and 3 from each other, a new set of differences was observed that appeared to place them outside the existing system of virus classification. The evolutionary relationships between the sequences from bp -244 to -69 (numbered as in Choo et al., 1991) were reconstructed using the maximum likelihood method (program DNAML), and are presented as an unrooted phylogenetic tree (Fig. 2) . Types 2 and 3 were found to be the most distinct on the basis of the maximum likelihood tree (Fig. 2) , a finding confirmed by the neighbour-joining phylogenetic analysis (trees not shown) where more than 95 % of bootstrap replicates supported the separation of types 2 and 3 from any of the other sequences. The maximum likelihood tree also suggested the existence of further clusters of variants, most notably the sequences previously described as type 1 and the new sequences presented here, although the phylogenetic position of these variants could not be established unequivocally. This was also found to be the case in a neighbour-joining analysis where these clusters could not be assigned with any statistical certainty by the bootstrap method.
Thus, there is some evidence from the phylogenetic analysis of the 5' NCR that some of the new sequences presented here are not members of types previously designated as types 1, 2 or 3. We refer to these divergent variants (sequence numbers 1 to 10) as type 4, although this provisional designation may change as further variants are reported by other research groups. Using this classification, mean distances within type 4, and between type 4 and the other HCV types, in the 5' NCR were comparable to those previously described for types 1 to 3 (Table 1 a). It is evident from this phylogenetic tree that the majority of variants identified in a previous world-wide survey (Bukh et aI., 1992) can be readily identified as types 1, 2 or 3 (Fig. 2) . HCV variants detected in Zaire, however, cluster closely with the type 4 sequences reported here.
Finally, the status of a number of other sequences appears to be ambiguous. Three sequences, IQ-48 (11), EG-96 (12) and EG-28 (13) are linked to the other sequences by long branch lengths (Fig. 2) and change positions between the maximum likelihood and neighbour-joining trees (data not shown). Three sequences obtained from South African patients (Bukh et al., 1992) appear to be distinct from those of both type 1 and type 4, and may possibly represent another HCV type or subtype, as is the case for a single variant from Indonesia (IN-26) . The status of variants detected in individuals from Hong Kong (HK-1 to -4) also remains ambiguous. The actual sequences in the 5' NCR differ little from type 1, and cluster relatively closely to the main group of type 1 sequences in the phylogenetic tree (numbers 14 to 17; Fig. 2 ). However, all show insertions at two positions (between nucleotides -144 and -143, and between -138 and -137 in the HCV-1 sequence; see below). variants (EG-29, -33, -21; corresponding to 5' N C R sequence numbers 1 to 3) was amplified using primers representing the core region of the H C V polyprotein. All three sequences differed at both the nucleotide and amino acid levels from H C V types 1, 2 and 3 (Fig. 3 a and  b respectively). Phylogenetic analysis of H C V sequences between positions 13 and 380 in the core region further supports the proposition that the sequences designated type 4 do in fact constitute a new type o f H C V (Fig. 4) . The unrooted maximum likelihood tree clearly depicts the three Egyptian-derived sequences as an independent phylogenetic group being separated by long branch lengths from the other sequences used in this analysis. Estimated nucleotide distances between type 4 and types 1 to 3 sequences were comparable to the distances between the three k n o w n types o f H C V (Table l b) . Although most o f the nucleotide sequence changes were silent, there were between four and nine amino acid differences between the new variants and the other types.
Insertion o f a single nucleotide at the latter position is also frequently found amongst type 4 sequences. It is difficult to assess the significance of these insertions, and the issue of whether the variants detected in H o n g K o n g also represent a new type or subtype cannot be decided at present.
In order to assess further the phylogenetic position of type 4 sequences, R N A from three representative type 4
Significance of sequence variability in the 5' N C R
The reasons for this region being so conserved between different H C V types, to the extent that the sequence subtypes cannot be differentiated from each other, are currently unclear. However, as the 5' N C R adopts a secondary structure with presumed regulatory roles in virus replication or intiation of translation, the requirement for internal base pairing may considerably types at positions -1 6 3 / -1 2 0 , -1 6 0 / -1 2 3 , and -154/-131; between type 2 and type 3 and 4, there is a further covariant site at position -158/-127 (Fig. 5) . This frequency of compensatory substitutions which maintain base pairing would be unlikely to have arisen by chance. For the two compensatory substitutions observed in the type 2a sequence, P = 0"002, while for the three covariant sites in type 2b, P = 0"00015.
Another significant feature of sequence variability in the 5' NCR is the positions of the single or double nucleotide insertions. Whereas sequences of HCV types 1 to 3 published to date have been entirely collinear, three of the 19 sequences provisionally assigned to type 4, as well as EG-28 and -96 show a single base insertion between nucleotides -139 and -138. Furthermore, all four sequences from Hong Kong blood donors also showed a second two base insertion 5 bp upstream from the first site. Both nucleotide insertions localize to the non-base-paired terminal loop (Fig. 5 ) and would therefore have no effect on base pairing within the proposed stem structure. As with other HCV types, the loop is also a region of considerable variability amongst type 4 sequences, with frequent substitutions either side of the point of the single base insertion (Fig. 1) .
Discussion
The 5' untranslated region has been recognized as the most conserved between different HCV variants worldwide, and oligonucleotides corresponding to it in sequence are almost universally used for amplification by PCR. Greater sequence conservation in this region, compared with coding regions of the genome, is characteristic of several positive-stranded virus groups which produce and subsequently cleave a single, virusencoded polyprotein (flaviviruses, picornaviruses, pesti- 3" u -a s '
Type 4 EG-96 viruses). One difficulty with this strategy of replication is the possibility of premature initiation and truncation of protein synthesis caused by the chance production of ATG triplets upstream from the correct reading frame during eukaryotic ribosomal scanning. Different HCV isolates demonstrate variability in both the number (one to four) and position of such triplets before the correct initiating methionine codon. It has recently been shown that sequences in the 5' NCR that include the stem and loop structure (Fig. 5 ) play an essential role in the initiation of translation in cell-free expression systems (Tsukiyama Kohara et al., 1992) . By analogy with the structure of the equivalent region in the genome of picornaviruses, it is possible that this is achieved by secondary structure-dependent binding of the ribosome complex, or other cellular factors, to the 5' NCR, thereby enabling the efficient initiation of translation from the correct methionine codon. Although computer algorithms can predict possible secondary structures in RNA sequences, there are often many radically different alternatives differing little in overall free energy. However, parts of the predicted secondary structure of HCV type 1 (Tsukiyama Kohara et al., 1992) have recently been experimentally verified by nuclease digestion experiments (Brown et al., 1992 ). In the current study, the detection of linked substitutions amongst related RNA sequences that maintain base pairing between opposed nucleotides (covariance) provides evidence for the proposed stem-loop structure in all HCV variants. These sites were found in the stemloop structure in the centre of domain III (Brown et al., 1992) , the region implicated in promoting translation of the HCV polyprotein (Tsukiyama Kohara et al., 1992) . A similar degree of covariance has been described in stem and loop structures in the 5' NCR of a wide range of picornaviruses (Rivera et al., 1988; Skinner et al., 1989) .
On the basis of the evidence provided by the pattern of sequence variation in the 5' NCR presented in this paper and elsewhere, we propose that secondary structure considerations may be a significant restriction on the degree of variability possible in the 5' NCR, because of the requirement for simultaneous compensatory changes elsewhere. This is perhaps reflected in the absence of any consistent differentiation of HCV subtypes amongst the 5' NCR sequences, in marked contrast to similar analyses of the coding regions (Chan et al., 1992b) . In evolutionary terms, these data are consistent with the hypothesis that many of the differences in the 5' NCR between major HCV types developed before the diversification process that led to the appearance of the descendant subtypes of the virus.
The marked clustering of many of the 5' NCR sequence variants into an apparently new phylogenetic group suggested the existence of at least one new HCV type. However, the relatively small numbers of substitutions that differentiated these sequences from those of types 1, 2 and 3 necessitated an analysis of more variable regions of the genome. Phylogenetic analysis of the core region showed that sequences assigned to type 4 were distinct from the previously identified HCV types, justifying the assignment of 'type' status to the new group. Type 4 sequences show a markedly different geographical distribution from the three previously described types of HCV, accounting for almost all HCV infections in Egypt. The finding that these sequences group with those from Zaire (Bukh et al., 1992) suggests that type 4 has a broad distribution in Africa. In contrast, types 1 to 3 are more frequent elsewhere in the world, and account for all infections in Scotland (McOmish et al., 1992) , Finland, The Netherlands, Australia and Japan (F. McOmish et al., unpublished; Okamoto et al., 1992b) . Although we were unable to obtain sequences in the NS-5 region from our own samples to compare with those published for the new South African type (group V; Bukh et al., 1992; Cha et al., 1992) , the latter sequences demonstrate a number of differences from those of both type 1 and type 4 in the 5' NCR, suggesting that they may represent another major type of HCV, currently with an exclusively African distribution. Considerable work remains to further characterize other variants from the Middle East (IQ-48, EG-96), Indonesia (IN-26) and Hong Kong because as it is important to determine whether there are a relatively restricted number of HCV types corresponding to those identified so far, or whether the total will continue to proliferate as HCV sequences from more countries are obtained.
The existence of relatively conserved patterns of substitutions in the 5' NCR that are characteristic of different HCV types provides useful 'signature' sequences for the identification of HCV genotypes. Having compared large numbers of different HCV type 1, 2 and 3 sequences we developed a method that differentiated HCV types 1 to 3 by restriction endonuclease cleavage of amplified DNA (McOmish et al., 1993) . However, enzymatic cleavage of the 19 type 4 sequences obtained in this study would produce bands corresponding to electrophoretic types Aa and Ab, and would therefore be indistinguishable from type 1 sequences. All type 4 sequences, however, showed a change from U to C at position -166, which creates a novel HinfI site absent in all type 1 (and type 2) sequences. In combination with ScrFI, and HaeIII/RsaI, it has now proved possible to identify provisionally the new type broadly distributed throughout most countries in the Middle East, as well as in Africa (P. Simmonds et al., unpublished) . In the future, it should be possible to introduce further modifications to the restriction fragment length polymorphism analysis to identify other HCV types as they are discovered.
Note added in proof Nucleotide sequences of variants identified here as type 4 have subsequently been obtained from the NS-5 region. Phylogenetic analysis confirmed their provisional designation, arrived at from analysis of the core region, as a new HCV type. A system of virus classification that broadly follows the nomenclature proposed by Chan et al. (1992b) has been agreed between several laboratories working on HCV sequence variability. The new nomenclature confirms the designation of sequences EG-1 to EG-33 published here as type 4.
